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sodium channel; voltage gating; site-directed mutagenesis VOLTAGE-GATED Na ϩ channels (Na v s) are transmembrane proteins composed of an ␣-subunit with four homologous domains (D1-D4), each with six transmembrane segments (S1-S6), and accessory ␤-subunits. Heterologous expression of the ␣-subunit is sufficient for the key components of voltage-gated channel function, i.e., activation, ion selectivity, ion flow, and inactivation (12, 23, 43 ). Na v s respond to depolarization of the membrane by opening a Na ϩ ion-selective pore that permits the flow of Na ϩ ions down their electrochemical gradient into the cell. This response of Na v s to membrane depolarization is called activation and is the mechanism responsible for the rapid upstroke of the action potential in most excitable cells, including cardiac cells in the human heart.
In response to the same stimulus (i.e., membrane depolarization), Na v s enter a nonconducting state called inactivation, in which they usually remain until the membrane is repolarized. This process can happen within milliseconds, as in classic fast inactivation, or on a time scale of seconds, as in slow inactivation. The molecular components for fast inactivation gating have been described (20, 32, 40) , whereas the gating mechanism for slow inactivation remains elusive. Interestingly, studies have found that these two processes are distinct at the molecular level. For example, fast inactivation can be eliminated with intracellular perfusion of protease (36) or by amino acid substitutions in the proposed fast-inactivation gate, the D3-D4 linker (10) . However, neither of these treatments eliminates slow inactivation, suggesting that slow inactivation involves molecular mechanisms different from those of fast inactivation (10, 36) .
Currently, there are two hypotheses to explain the molecular mechanisms responsible for slow inactivation in Na v s. The first is that slow inactivation is due to conformational change in P-loops between S5 and S6 of Na v s. This may be a mechanism similar to that occurring in C-type inactivation in K ϩ channels (15, 19, 25, 31) . Support for this hypothesis comes from studies showing that methanethiosulfonate (MTS) modification in the D3 P-loop of the cysteine-substituted mutant F1236C in rat skeletal muscle Na v 1.4 (rNa v 1.4) increases with some depolarization protocols (27) , and that disulfide bond formation between cysteines is enhanced during slow inactivation in the double-cysteine mutant K1237C ϩ W1531C in rNa v 1.4 (4) . In addition, a mutation in the P-loop of D1 (W402C in rNa v 1.4) partially disrupts slow inactivation (3) . These studies suggest that conformational changes in the P-loops are associated with slow inactivation. However, another study using the SCAM (substituted cysteine accessibility method) technique found no changes in accessibility in the P-loops during Na v slow inactivation, suggesting little conformational change in this region (41) .
The second hypothesis poses that slow inactivation involves conformational changes in the putative pore-lining S6 transmembrane segments of the four domains: D1-S6, D2-S6, D3-S6, and D4-S6 (7, 28, 30, 44, 55, 56) . Support for this hypothesis comes from studies showing that substitution of alanine for native asparagine (N434A) in D1-S6 of rNa v 1.4 enhances slow inactivation (56) , substitution of different residues in the same isoform at V787 in D2-S6 produces enhancement of or resistance to slow inactivation (30) , slow inactivation in rat brain Na v isoform rNa v 1.2 can be enhanced or diminished with substitutions at N1466 in D3-S6 (7) , and tryptophan or lysine substitution in D4-S6 in S1759W or S1759K in the human cardiac Na v isoform hNav1.5 produces a biphasic effect on slow inactivation (55) . In addition, molecular movement during Na v slow inactivation was demonstrated by MTS modification at V1583C in D4-S6 in the closed state, but not the slow-inactivated state (44) , and at V787C of D2-S6 in rNa v 1.4 and the homologous mutant V930C in hNa v 1.5 in the slow-inactivated state, but not the closed state (28, 30) . Together, these data suggest that dynamic molecular rearrangement or movement in the S6 segments lining the inner pore of Na v s is required during slow inactivation. It should be emphasized that putative roles for P-loops and S6 segments in slow inactivation are not mutually exclusive, and interaction between these regions during slow inactivation has been proposed (42, 55) .
Of interest for this study is that different Na v isoforms exhibit different slow inactivation phenotypes. For example, cardiac hNa v 1.5 is relatively resistant to slow inactivation compared with skeletal muscle rNa v 1.4 (29, 35) . Although a single point mutation in the D2 P-loop (V754I) converts the hNa v 1.4 steady-state slow inactivation phenotype to that of hNa v 1.5 (46) , partially explaining the difference in slow inactivation phenotype between these two isoforms (47), the precise molecular mechanisms that underlie the differences of entry into and recovery from the slow-inactivated state are unknown. Studies with Na v chimeras using domains from hNa v 1.5 and rNa v 1.4 demonstrated that if D1 and D2 (or D1, D2, and D3) are from rNa v 1.4, then entry into, steady state, and recovery from slow inactivation resemble that of rNa v 1.4 (29) suggesting that D1 and D2 play a role in determining slow inactivation phenotype. Interestingly, molecular rearrangement during slow inactivation at V930 in D2-S6 of cardiac hNa v 1.5, albeit requiring more time, can be detected as in V787C in rNa v 1.4 (28, 30) , suggesting that there are some shared mechanistic components of slow inactivation in Na v isoforms that differ in overall slow inactivation phenotypes (29, 35 ). These results demonstrate that comparative studies between different Na v s provide important information about kinetic processes that can vary among isoforms (11, 26, 37) .
Understanding unique molecular mechanisms of kinetic function in Na v isoforms is particularly pertinent to understanding diseases involving heritable Na v mutations that disrupt these processes (6, 21, 48) . For example, Brugada syndrome (BrS) is a cardiac disease in which there is an increased risk for ventricular fibrillation and a high incidence of sudden death, usually at rest or during sleep, in patients with normal heart structure (1, 5) . Approximately 20% of BrS cases are caused by mutations in the gene encoding the ␣-subunit (SCN5A) of the cardiac hNav1.5 (2, 22) . These mutations have been described as "loss-of-function" mutations, because they consistently alter Na v expression and/or gating such that there is a reduction in Na ϩ current (48) . Interestingly, several of the mutations that have been characterized in BrS exhibit enhanced slow inactivation (16, 38, 39, 45, 49, 50) . Enhanced slow inactivation is a good candidate for a molecular mechanism that would present as the loss of Na v function seen in BrS and other cardiac disorders (48) , and therefore, increasing our understanding of what controls this process in hNa v 1.5 has important clinical significance.
In the present study, we focused our attention on hNa v 1.5 because slow inactivation has not been extensively characterized in this isoform. In addition, hNa v 1.5 is relatively resistant to slow inactivation compared with other isoforms such as skeletal muscle Na v 1.4, a physiologically relevant characteristic important for maintaining Na v availability during prolonged cardiac action potentials. We initially studied residue V930 in D2-S6 of hNa v 1.5 because we found earlier (30) that lysine substitution at the homologous site (V787) in the rat skeletal muscle Na v isoform rNa v 1.4 greatly enhanced slow inactivation. Given the inherent resistance to slow inactivation required for normal cardiac function, we asked whether the analogous mutation (i.e., V930K) would similarly influence slow inactivation in the hNa v 1.5 isoform.
In this study we studied several lysine (K) substitutions in D2-S6 (N927K, V930K, and L931K) and several different amino acid substitutions for the native valine at residue V930 (alanine in V930A, cysteine in V930C, and glutamine in V930Q). We found that substitution of lysine or glutamine in V930K or V930Q, respectively, greatly enhanced all measures of slow inactivation phenotype, whereas N927K, L931K, V930A, and V930C did not.
Based on the results of this study, we suggest that 1) V930 in D2-S6 plays an important role in slow inactivation gating in hNa v 1.5; 2) reversal of resistance to slow inactivation in V930K and V930Q is site specific and residue specific; 3) the greater size and hydrophilic nature of K and Q compared with the native valine plays a role in the enhancement of slow inactivation in V930K and V930Q; and 4) hNa v 1.5 and rNa v 1.4 share the requirement for molecular movement in D2-S6 for slow inactivation gating, despite differences in their overall slow inactivation phenotype. Considering this work in conjunction with previous studies in both isoforms, we propose that varied abilities to undergo conformational changes involving V930 in D2-S6 can partially explain differences in slow inactivation phenotype observed in different Na v isoforms.
MATERIALS AND METHODS

Na ϩ Channel Mutant Construction and Transient Transfection of cDNA Clones
Site-directed mutagenesis of wild-type human cardiac muscle hNa v1.5 (12) was carried out as described previously (28) . Mutagenic oligonucleotides (Operon Biotechnologies, Huntsville, AL) included: N927K-top, GTTATGGTCATTGGCAAGCTTGTGGTCC-TGAATCTC; N927K-bot, GAGATTCAGGACCACAAGCTTGCCAA-TGACCATAAC; L931K-top, GTCATTGGCAACCTTGTGGTCAAGA-ATCTCTTCCTGGCCTTG; L931K-bot, CAAGGCCAGGAAGAGAT-TCTTGACCACAAGGTTGCCAATGAC; V930R-top, GTCATTGGCA-ACCTTGTGCGCCTGAATCTCTTCCTGGCC; V930R-bot, GGCCAG-GAAGAGATTCAGGCGCACAAGGTTGCCAATGAC; V930Q-top, GTCATTGGCAACCTTGTGCAGCTGAATCTCTTCCTGGCC; V930Q-bot, GGCCAGGAAGAGATTCAGCTGCACAAGGT-TGCCAATGAC; V930A-top, GTCATTGGCAACCTTGTGGC-CCTGAATCTCTTCCTGGCC; V930A-bot, GGCCAGGAA-GAGATTCAGGGCCACAAGGTTGCCAATGAC; V930D-top, GT-CATTGGCAACCTTGTGGACCTGAATCTCTTCCTGGCC; and V930D-bot, GGCCAGGAAGAGATTCAGGTCCACAAGGT-TGCCAATGAC. The V930K and V930C mutants were provided by Dr. Sho-Ya Wang (SUNY Albany, Albany, NY). cDNA clones (5-20 g) of wild-type hNa v1.5 and hNav1.5 mutants were expressed from pcDNA1-Amp (Invitrogen, Carlsbad, CA) after transient transfection into human embryonic kidney (HEK) cells by calcium phosphate precipitation (13) as previously described (28, 29) . The transfection included 1-2 g of a cDNA clone encoding cell surface antigen CD8 (OriGene, Rockville, MD).
Recording Techniques
We used standard patch-clamp techniques (14) to record whole cell peak Na ϩ current (INa) from transiently transfected HEK cells. Recordings were performed at room temperature (21 Ϯ 1°C) without correction for the liquid junction potential. Activation (conductancevoltage, G-V) and steady-state fast inactivation (hϱ) curves were obtained ϳ5 min after rupture of the membrane. Recording micropipettes (Drummond Scientific, Broomall, PA) were pulled on a model P-97 Flaming-Brown puller (Sutter Instruments, Novato, CA). Pipette resistances ranged from 0.5 to 2.0 M⍀ when measured in our solutions. The extracellular recording solution was (in mM) 65 NaCl, 85 choline-Cl, 2 CaCl2, and 10 HEPES, titrated to pH 7.4 with tetramethylammonium-OH. The intracellular solution in the pipette was (in mM) 100 NaF, 30 NaCl, 10 EGTA, and 10 HEPES, titrated to pH 7.2 with CsOH. These solutions create an outward Na ϩ gradient and an outward Na ϩ current at the test pulse of ϩ50 mV, reducing potential problems associated with space clamp or series resistance errors (9) . Series resistance was compensated at 80%, resulting in voltage errors of Ͻ5 mV. Linear leak subtraction based on five hyperpolarizing pulses was used for all recordings. Any endogenous K ϩ currents were blocked with Cs ϩ in the pipette, and HEK cells express no native Ca 2ϩ current (43) . Cells were selected for recording based on positive immunoreaction with anti-CD8 Dynabeads (Dynal Biotech, Lake Success, NY).
Electrophysiology Protocols
Activation and fast inactivation. The holding potential (V hold) was Ϫ160 mV (Ϫ180 for V930K because of the enhanced voltage dependence of inactivation for this mutant). A test pulse to ϩ50 mV (4 ms) was used to record peak available Na ϩ current (INa). Activation curves were obtained from the peak current recorded with pulses from Vhold to voltages over the range of Ϫ100 to ϩ 50 mV in 10-mV increments. Steady-state fast inactivation (hϱ) was determined with a test pulse to ϩ50 mV to record INa following a conditioning prepulse (100 ms) from Vhold to Ϫ30 mV in 10-mV increments. The halfmaximal potential (V 1 ⁄2) and slope factor (k) for activation and steadystate fast inactivation were obtained from a fit of the mean data with a Boltzmann function.
Recovery from short depolarizations. Recovery from short depolarizations was determined with the following double-pulse protocol: a step to 0 mV for 4 or 100 ms, a step to Vhold for variable recovery times (1 ms to 30 s), and then a test pulse to ϩ50 mV (4 ms). The peak current recorded with the test pulse was normalized to INa obtained with a test pulse after 30 s at Vhold. The mean data were fit with a single-exponential function. Recovery curves for a 100-ms step to 0 mV for V930K and V930Q were fit with a double-exponential function.
Slow inactivation phenotype. Three protocols were used to determine slow inactivation phenotype (28, 29) : 1) development of slow inactivation, 2) voltage dependence of steady-state slow inactivation (sϱ), and 3) recovery from slow inactivation.
DEVELOPMENT OF SLOW INACTIVATION. Voltage was stepped from V hold to 0 mV for various times (1 ms to 60s for hNav1.5, 50 ms to 60s for N927K, L931K, V930A, and V930C, and 1 ms to 30 s for V930K), stepped to V hold for 50 ms to allow recovery from fast inactivation, and then stepped to ϩ50 mV (4 ms) to record I Na. INa was normalized to the initial value recorded with a test pulse from V hold before the start of the protocol. Mean data were fit with a single-(hNa v1.5, N927K, L931K, V930A, and V930C) or double-exponential function (V930K and V930Q).
STEADY-STATE SLOW INACTIVATION (Sϱ). A 60-s prepulse (10 s for V930K) was stepped in 20-mV increments between V hold and 0 mV, followed by a 50-ms step to V hold (to allow recovery from fast inactivation) and then a 4-ms test pulse to ϩ50 mV to record I Na. INa was normalized to INa recorded with a test pulse from Ϫ160 or Ϫ180 mV (V930K) before the protocol. V 1 ⁄2 and slope factor k were obtained from a fit of the mean data with a Boltzmann function.
RECOVERY FROM SLOW INACTIVATION. Voltage was stepped to 0 mV for 60 s (10 s for V930K), stepped to V hold for various times (50 ms to 30 or 60 s), and then a subsequent 4-ms test pulse to ϩ50 mV. I Na was normalized to INa obtained after maximum time at Vhold. Data were fit with a single-exponential function (V930K and V930Q with a double exponential). Data were collected and filtered at 5 kHz with an Axopatch 200B amplifier using pClamp software (Axon Instruments, Foster City, CA). Curve fits and data analysis were performed with pClamp and Origin software (Microcal Software, Northampton, MA). Differences from wild type were considered significant at P Ͻ 0.05 (ANOVA). Grouped data are presented as means Ϯ SE.
RESULTS
Steady-State Fast Inactivation and Activation in the Lysine-Substituted Mutants N927K, V930K, and L931K
We studied V930K in hNa v 1.5 to determine whether this isoform was sensitive to lysine substitution at this residue as has been observed with the homologous mutation in rNa v 1.4 (30) . To determine whether any effects observed in V930K were site specific, we studied N927K (about 1 turn of the ␣-helix away) and L931K (adjacent to V930), which had been shown to express adequately in the analogous mutants in the rNa v 1.4 isoform (51).
The activation curve of the mutant N927K was not statistically different from that of wild-type hNa v 1.5 (Fig. 1A , Table  1 ). However, the activation curves for L931K (V 1 ⁄2 ϭ Ϫ27.4 Ϯ 1.2 mV, P Ͻ 0.001) and V930K (V 1 ⁄2 ϭ Ϫ34.7 Ϯ 1.6 mV, P Ͻ 0.05) were depolarized, and the curve for V930K was also less steep (k ϭ 14.6 Ϯ 1.6, P Ͻ 0.001) compared with that for hNa v 1.5 (V 1 ⁄2 ϭ Ϫ41.7 Ϯ 1.1 mV, k ϭ 10.5 Ϯ 1.0; Fig. 1A , Table 1 ). Sample traces from the activation protocol are shown in Fig. 2 .
For steady-state fast inactivation (h ϱ ), N927K was hyperpolarized (V 1 ⁄2 ϭ Ϫ86.3 Ϯ 0.7 mV, P Ͻ 0.01), L931K was depolarized (V 1 ⁄2 ϭ Ϫ67.6 Ϯ 0.9 mV, P Ͻ 0.001), and V930K was hyperpolarized and less steep (V 1 ⁄2 ϭ Ϫ96.7 Ϯ 1.8 mV, P Ͻ 0.001; k ϭ 12.5 Ϯ 1.1, P Ͻ 0.001) compared with hNa v 1.5 (V 1 ⁄2 ϭ Ϫ80.7 Ϯ 0.7 mV, k ϭ 6.8 Ϯ 0.4; Fig. 1B , Table 1 ).
Recovery From Short Depolarizations in N927K, V930K, and L931K
Short depolarizations result in Na v s opening and then entering the fast-inactivated state. We studied the recovery from the fast-inactivated state by stepping to 0 mV for 4 or 100 ms and then stepping to V hold for variable amounts of time, using a test pulse to ϩ50 mV to measure available (i.e., noninactivated) current. Recovery from a 4-ms depolarization was not statistically different between wild type and the lysine-substituted mutants V930K and L931K (Fig. 3A , Table 1 ). Compared with wild type ( ϭ 2.1 Ϯ 0.1 ms), N927K required a slightly but significantly longer recovery time ( ϭ 2.8 Ϯ 0.3 ms, P Ͻ 0.05; Fig. 3A , Table 1 ).
The recovery curves from a 100-ms depolarization for wild type, N927K, and L931K had similar time constants, ranging from 2.6 to 4.1 ms (Fig. 3B, Table 1 ). However, V930K exhibited a different time course of recovery from a 100-ms depolarization. The recovery in V930K was delayed and biex-ponential with 1 ϭ 5.3 Ϯ 0.5 ms and 2 ϭ 3.9 Ϯ 0.2 s (Fig.  3B , Table 1 ). These results suggest that this mutant is entering into two distinct inactivation states within the 100-ms depolarization.
Slow Inactivation Phenotype in N927K, V930K, and L931K
The recovery profile from a 100-ms depolarization in V930K suggested that this mutant was rapidly entering a slow inactivation state. We used our slow inactivation protocols to characterize the phenotype of the three lysine-substituted mutants (see MATERIALS AND METHODS and Fig. 4D ).
For development of slow inactivation in N927K and L931K, time constants from the exponential fits of the data were not significantly different from wild type, although slow inactivation in L931K was less complete (Fig. 4A, Table 2 ). For example, after a 60-s depolarization at 0 mV, L931K showed ϳ17% slow inactivation, whereas the wild type was ϳ45% inactivated (Fig.  4A) . In sharp contrast to N927K and L931K, the mutant V930K exhibited a dramatic enhancement of slow inactivation. Development of slow inactivation in this mutant was biexponential with a rapid onset (1 ϭ 67.2 Ϯ 6.3 ms) and greater in magnitude than the others, reaching almost 80% slow inactivation after a 10-s depolarization at 0 mV (Fig. 4A , Table 2 ).
The s ϱ curve for the mutant N927K was not significantly different from wild type (Fig. 4B , Table 2 ). The V 1 ⁄2 of the s ϱ curve for L931K also did not differ significantly from that of the wild type. However, this mutant underwent less slow inactivation than the wild type (Fig. 4B, Table 2 ). In contrast, V930K showed a dramatic hyperpolarized shift of Ϫ88 mV in the s ϱ curve (V 1 ⁄2 ϭ Ϫ155.6 Ϯ 7.5 mV, P Ͻ 0.001) compared with wild type (V 1 ⁄2 ϭ Ϫ67.5 Ϯ 3.2 mV) or the other mutants (Fig. 4B, Table 2 ).
Recovery from slow inactivation followed a pattern similar to development and a steady state of slow inactivation. Recovery in hNa v 1.5, N927K, and L931K were similar, although L931K recovered from less slow inactivation than the others. In V930K, recovery from slow inactivation was much slower and biexponential, with a 2 Ͼ6 s, whereas wild type and the other mutants recovered on a time scale of hundreds of milliseconds (Fig. 4C, Table 2 ).
Steady-State Fast Inactivation and Activation in Mutants With Substitutions at V930
To determine whether the enhanced slow inactivation phenotype of V930K was residue specific to lysine substitution at this site, we studied various other amino acid substitutions at Fig. 1 . Activation (G-V) and steady-state fast inactivation (hϱ) curves in the human cardiac Na ϩ channel hNav1.5 wild type (WT) and lysine-substituted mutants N927K, V930K, and L931K. Mean data were fit with a Boltzmann function. A: the activation curve for N927K was similar to that for WT. Activation in L931K was right-shifted, and that in V930K was depolarized and less steep than that in WT. B: the hϱ curve for N927K was hyperpolarized, that for L931K was depolarized, and that for V930K was hyperpolarized and less steep compared with that for WT. Data are presented in Table 1 . (11) Activation (conductance-voltage relation) and steady-state fast inactivation curves were fit with a Boltzmann function. Half-maximal potential (V 1 ⁄2) and slope factor (k) of activation and steady-state inactivation are presented as means Ϯ SE; numbers in parentheses are the number of cells recorded. Recovery from short (4 or 100 ms) depolarization curves were fit with a single-exponential function, except for V930K and V930Q recovering from a 100-ms depolarization, which required a double-exponential fit, and time constants () of recovery are means Ϯ SE; percentages indicate component of fit. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 compared with wild-type human cardiac Na ϩ channel hNav1.5.
the V930 residue. These mutants included V930A (alanine), V930C (cysteine), V930D (aspartate), V930R (arginine), and V930Q (glutamine), which were chosen based on characteristics such as hydrophobicity and size. V930D and V930R did not express sufficient current for analysis, whereas three mutants expressed well: V930A, V930C, and V930Q. The activation curves in all of these mutants were shifted in the depolarized direction (V 1 ⁄2 ϭ Ϫ32.7 Ϯ 0.4 mV, P Ͻ 0.001; Ϫ35.4 Ϯ 0.6 mV, P Ͻ 0.001; and Ϫ39.1 Ϯ 0.7 mV, P Ͻ 0.05, respectively) compared with wild type (Ϫ41.7 Ϯ 1.1 mV; Fig.  5A , Table 1 ).
The V 1 ⁄2 of h ϱ for V930C and V930Q did not significantly differ from that of wild type, whereas V930A was hyperpolarized (V 1 ⁄2 ϭ Ϫ91.3 Ϯ 0.6 mV, P Ͻ 0.001) compared with hNa v 1.5 (V 1 ⁄2 ϭ Ϫ80.7 Ϯ 0.7 mV). The slopes of the h ϱ curves for V930A, V930C, and V930Q (k ϭ 7.6 Ϯ 0.3, P Ͻ 0.001; 7.4 Ϯ 0.3, P Ͻ 0.01; and 7.6 Ϯ 0.5, P Ͻ 0.05, respectively) were all less steep than that of hNa v 1.5 (k ϭ 6.8 Ϯ 0.4; Fig. 5B , Table 1 ).
Recovery From Short Depolarizations in V930A, V930C, and V930Q
When the mutants V930A, V930C, and V930Q were depolarized for 4 ms, recovery in V930C did not differ from that in hNa v 1.5 ( ϭ 2.1 Ϯ 0.1 ms), whereas V930A and V930Q Fig. 2 . Sample traces of Na ϩ currents recorded from hNav1.5 (A), N927K (B), V930K (C), L931K (D), V930A (E), V930C (F), and V930Q (G) using the activation protocol (see description in Fig. 1A) . Fig. 3 . Recovery from short depolarizations in hNav1.5 WT, N927K, V930K, and L931K. Recovery was determined with a test pulse (4 ms at ϩ50 mV) after variable recovery times at the holding potential (Vhold) following a depolarization to 0 mV for 4 or 100 ms. A: recovery from 4-ms depolarization in mutants was similar to that in WT. Mean data were fit with a single-exponential function. B: recovery from a 100-ms depolarization was similar for WT compared with N927K and L931K (data fit with a single-exponential function). V930K exhibited a dramatically different biexponential time course of recovery, suggesting entry into a second distinct inactivated state within the 100-ms depolarization. Time constants are presented in Table 1 . Table 1 ). After a 100-ms depolarization, V930A recovered more slowly ( ϭ 3.4 Ϯ 0.2 ms, P Ͻ 0.001) than wild type ( ϭ 2.6 Ϯ 0.1 ms). Interestingly, after a 100-ms depolarization, V930Q exhibited a substantially slower and biexponential recovery ( 1 ϭ 5.6 Ϯ 0.3 ms; 2 ϭ 42.9 Ϯ 4.6 ms) compared with hNa v 1.5 (Fig. 6, Table 1 ).
Slow Inactivation Phenotype in V930A, V930C, and V930Q
When we characterized the slow inactivation phenotype in V930A, V930C, and V930Q, we found that time constants for development of slow inactivation in V930A and V930C did not significantly differ from that of wild type. However, these mutants underwent less inactivation after 60 s at 0 mV (27 and 19%, respectively) than hNa v 1.5, which showed ϳ45% slow inactivation after this time (Fig. 7A) . Development of slow inactivation in V930Q, as observed in V930K, was biexponential (1 ϭ 395.2 Ϯ 38.4 ms and 2 ϭ 14.8 Ϯ 4.0 s) and much more complete (ϳ80% after 60 s at 0 mV) than that of wild type (Fig. 7A, Table 2) .
The s ϱ curve for V930Q is hyperpolarized (V 1 ⁄2 ϭ Ϫ93.1 Ϯ 1.6 mV, P Ͻ 0.001) and more steep (k ϭ 10.0 Ϯ 1.0, P Ͻ 0.001) compared with wild type (V 1 ⁄2 ϭ Ϫ67.5 Ϯ 3.2 mV, k ϭ 18.2 Ϯ 2.8). The s ϱ curve for V930C was also hyperpolarized Fig. 4 . Slow inactivation phenotypes for hNav1.5 WT, N927K, V930K, and L931K. The phenotype is defined as development of slow inactivation, steady-state slow inactivation (sϱ), and recovery from slow inactivation. Slow inactivation phenotype in N927K was similar to that of WT and L931K was somewhat resistant, whereas V930K had a greatly enhanced phenotype. A: slow inactivation was less complete in L931K than in WT, only showing ϳ17% after 60 s at 0 mV, whereas WT was ϳ45% inactivated. In contrast, V930K exhibited a dramatic enhancement of slow inactivation, with ϳ80% inactivation after a 30-s step to 0 mV. Mean data for development of slow inactivation were fit with a single-(WT, N927K, L931K) or double-exponential function (V930K). B: voltage dependence of sϱ was similar in WT, N927K, and L931K, whereas V930K slow inactivated at much more hyperpolarized potentials. Mean data were fit with a Boltzmann function for sϱ curves. C: recovery from slow inactivation in WT, N927K, and L931K were similar, although L931K recovered from less slow inactivation than the others. V930K shows a much slower and biexponential recovery compared with WT and the other mutants. Recovery data were fit with single-exponential functions (double-exponential for V930K). D: pulse protocols used in determining the slow inactivation phenotype. Data for slow inactivation phenotype are presented in Table 2 . (13) 7.4Ϯ1.5 s (39%) (13) Steady-state slow inactivation curves were fit with a Boltzmann function. V 1 ⁄2 and k are means Ϯ SE; numbers in parentheses are the number of cells recorded. Recovery and development curves were fit with either single-or double-exponential functions, and time constants () are means Ϯ SE; percentages are component of fit. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 compared with wild-type hNav1.5.
(V 1 ⁄2 ϭ Ϫ100.4 Ϯ 3.3 mV, P Ͻ 0.001; k ϭ 12.1 Ϯ 2.2), and that of V930A (k ϭ 26.5 Ϯ 2.4, P Ͻ 0.001) was less steep than that of hNa v 1.5 (Fig. 7B , Table 2 ).
The time constants of recovery from slow inactivation in V930A and V930C did not significantly differ from that in wild type, although these mutants were recovering from less inactivation than hNa v 1.5. Recovery of V930Q, as observed in V930K, was slower and biexponential with 1 ϭ 213.6 Ϯ 53.6 ms and 2 ϭ 7.4 Ϯ 1.5 s (Fig. 7C, Table 2 ).
DISCUSSION
In this study, we examined effects of amino acid substitutions in D2-S6 of the human cardiac Na ϩ channel isoform hNa v 1.5, which is relatively resistant to slow inactivation, to further understand the role of this region in cardiac Na v slow inactivation phenotype (29, 35) . Initially, we studied the mutant V930K, in which lysine is substituted for the native valine at residue 930 in D2-S6 of hNa v 1.5. We found that slow inactivation in this mutant was greatly enhanced, similar to that seen in the homologous mutant V787K of rNa v 1.4 (30) . To determine whether the effect of lysine substitution was specific to the V930 site, we studied two additional lysine-substituted mutants at nearby sites in D2-S6, N927K and L931K, which did not show enhancement of slow inactivation. To determine whether enhanced slow inactivation in V930K is dependent on the specific amino acid substitution (i.e., lysine), we recorded from three other mutants with substitutions at this position: V930A (alanine), V930C (cysteine), and V930Q (glutamine). We found that glutamine substitution (V930Q) also showed the enhanced slow inactivation phenotype, but other substitutions at V930 (V930A and V930C) did not. In general, V930A, V930C, and L931K demonstrated a reduced slow inactivation phenotype.
Several of the mutants studied showed changes in fast kinetics (activation and steady-state fast inactivation). For example, activation in all mutants except V927K was depolarized, and the curve was less steep in V930K. The steady-state fast inactivation curve (h ϱ ) was hyperpolarized in N927K, V930K, and V930A, whereas h ϱ was depolarized in L931K. Also, there was a decrease in the steepness of the steady-state fast inactivation curve in all mutants except N927K and L931K. It is not uncommon to see changes in slope or voltage shifts in these curves with amino acid substitutions in D2-S6 and other S6 segments (17, 30, 33, 51, 52, 53, 54, 57, 58) . These changes in activation and steady-state fast inactivation did not affect our measurements of slow inactivation, because our slow inactivation protocols isolate the slow inactivation process from fast inactivation and activation variability. That is, our holding potentials (Ϫ160 or Ϫ180 mV) and test potential (ϩ50 mV) ensured that the channels were available to open (i.e., not fast inactivated) and that they would open when depolarized (i.e., maximized open probability), regardless of shifts in fast inactivation and activation curves.
A potential concern with mutational effects on fast inactivation is that previous studies have shown a coupling between fast inactivation and slow inactivation (10, 24, 36) . Specifically, these conclusions have been based on the observation that when fast inactivation is disrupted, slow inactivation is accelerated or enhanced. This is accomplished with internal perfusion with pronase (36) or mutagenesis directed at the D3-D4 loop, the presumed fast-inactivation gate or "lid" (10, 24) . These methods result in Na ϩ currents with a noninactivating component that reflects incomplete closure of the fast inactivation gate during open-state fast inactivation. The hypothesis is that blocking or eliminating entry into the fastinactivated state drives channels more rapidly from the open Fig. 1 for protocols. Mean data were fit with a Boltzmann function. A: the activation curves for V930A, V930C, and V930Q were all shifted in the depolarized direction compared with WT. B: steady-state hϱ curves for V930C and V930Q were similar to that for WT, whereas the V 1 ⁄2 for V930A was hyperpolarized. The slopes of the hϱ curves for V930A, V930C, and V930Q were all less steep than that for WT. Data are presented in Table 1 . Fig. 6 . Recovery from short depolarization in V930A, V930C, and V930Q. See Fig. 3 for protocols. Recovery from 100-ms depolarization for V930C and V930A was comparable to that for WT, whereas recovery in V930Q was delayed. Recovery curve for V930K is shown for comparison. Mean data were fit with a single-exponential function for V930A and V930C and a biexponential function for V930Q. Time constants are presented in Table 1. state into the slow-inactivated state (36) . However, it is less clear whether changes in steady-state fast inactivation (closedstate fast inactivation) consistently produce changes in slow inactivation. For example, Wang et al. (53) found that some tryptophan or cysteine substitutions in D1-S6 or D4-S6 in rNa v 1.4 disrupted fast inactivation, producing a noninactivating current and an enhancement of slow inactivation. However, there was no consistent effect on the steady-state fast inactivation curve h ϱ in these mutants in this study. These inconsistencies also have been found in D2-S6 of rNa v 1.4 (17), and we found similar inconsistencies in our results in hNa v 1.5. None of our mutants exhibited noninactivating current components. Of the mutants with enhanced slow inactivation phenotypes, the h ϱ curve was hyperpolarized by Ϫ15 mV in V930K but was not affected in V930Q. Indeed, in V930A, which showed some resistance to slow inactivation, the h ϱ curve was hyperpolarized by Ϫ10 mV, similar to V930K, whereas in L931K, which also showed slow inactivation resistance, the h ϱ curve was depolarized by more than ϩ10 mV. It should be noted that the slope of the h ϱ curve in V930K showed the greatest change (much less steep) compared with the other mutants. From the data in this study and others, it appears that mechanisms (or specific residues) associated with steady-state fast inactivation may not be tightly coupled to those of slow inactivation, or that certain substitutions may uncouple these two inactivation processes.
To further characterize inactivation in the mutants, we studied the recovery profile from a short (100 ms) depolarization to 0 mV, which only produces fast inactivation in wild-type hNa v 1.5. Most of the mutants were similar to wild type. However, V930K and V930Q showed a biphasic recovery from this short depolarization, suggesting that both mutants were rapidly entering an additional inactivated state, which we propose to be the slow-inactivated state. We then used our slow inactivation protocols to further characterize the slow inactivation phenotypes in the mutants.
Of the three lysine-substituted mutants (N927K, V930K, and L931K), only V930K exhibited enhanced slow inactivation. This suggests that the enhancement effect of lysine substitution is site specific to V930. Indeed, the L931K mutant with a lysine substitution adjacent to V930 exhibited resistance to slow inactivation, whereas the N927K mutant at a site three amino acids away from V930 (almost a turn of the helix) closely resembled wild-type hNa v 1.5. It is likely that effects of lysine substitutions on slow inactivation are due, at least in part, to differences in hydrophobicity between specific residues. For example, both valine and leucine are hydrophobic, whereas asparagine and lysine are hydrophilic (18) . Therefore, one might expect normal slow inactivation gating to be altered when a native hydrophobic residue is replaced with a hydrophilic one (e.g., V930K or L931K), whereas replacing a native hydrophilic residue with another hydrophilic one would have less of an effect (e.g., N927K). A possible explanation for these results is that during the conformational changes underlying slow inactivation, the V930 residue moves toward a more hydrophilic microenvironment (e.g., water-filled cavity or pore) and the L931 residue moves toward a more hydrophobic microenvironment (e.g., membrane or within the protein). Therefore, the lysine substitution in V930K would favor slow inactivation conformational changes, whereas the L931K would be more resistant. Furthermore, the resistance observed Fig. 4D for protocols. A: development of slow inactivation was similar to that in WT in V930A and V930C, although these mutants underwent less inactivation. After 60 s at 0 mV, V930C was ϳ19% inactivated and V930A was ϳ27% inactivated compared with 45% inactivation in WT. Curves were fit with a single-exponential function. Slow inactivation in V930Q developed faster, was greater in magnitude (80%), and was biexponential. B: the steadystate sϱ curve of V930A was similar to that of WT, whereas the V 1 ⁄2 for V930C was hyperpolarized. The sϱ curve of V930Q was also hyperpolarized and shows much greater slow inactivation at all potentials above Ϫ100 mV. Mean data were fit with a Boltzmann function. C: recovery from slow inactivation for V930C and V930A were similar in pattern to that for WT, although these mutants were recovering from less inactivation. V930Q required more time to recover from an enhanced slow inactivation state. Mean data were fit with a single-(V930A and V930C) or double-exponential function (V930Q). Data are presented in Table 2. in L931K might be influenced by lysine side-chain positioning adjacent to that of asparagine at N932. The contiguous placement of two strongly hydrophilic residues may alter or restrict conformational changes in the channel necessary for slow inactivation (e.g., around V930). Consistent with a slow inactivation model that includes molecular rearrangement in this region are studies demonstrating slow inactivation-induced accessibility of cysteine substitution in V930C in hNa v 1.5 and the homologous rNa v 1.4 mutant V787C (28, 30) . Thus molecular movement involving residue V930 appears to play an important role in slow inactivation gating in both Na v isoforms, a conclusion strengthened by data from the present study.
In addition to the lysine substitutions, we studied other amino acids at the V930 site to determine whether the enhancement effect on slow inactivation was residue specific as well as site specific. Of the mutants examined, V930A (alanine), V930C (cysteine), and V930Q (glutamine) expressed sufficient current for analysis. Recordings from V930A, V930C, and V930Q determined that only V930Q had an enhanced slow inactivation phenotype, similar to V930K, whereas V930A and V930C did not. One explanation for these results is that because glutamine is similar in hydrophobicity to lysine (18) , the enhancement effect in V930Q could be due primarily to the change from the hydrophobic valine to the more hydrophilic glutamine. The greater enhancement of steady-state slow inactivation (more hyperpolarized s ϱ curve) seen in V930K relative to V930Q likely derives from the larger size and/or positive charge on lysine, which may further promote or stabilize conformational changes associated with slow inactivation. Further information about effects of the charged side chain in lysine might come from other charged amino acid substitutions. However, we produced two mutants with charged side chains, V930R and V930D, but neither of these mutants expressed adequate current, which could be due to problems such as intracellular trafficking, folding, or function.
The A and C substitutions in V930A and V930C are somewhat smaller (34) and less hydrophobic than the native valine (18) , and these mutants exhibit a resistance to slow inactivation (similar to L931K). Perhaps small reductions in hydrophobicity at this position, while not enhancing conformations that favor slow inactivation, promote a conformation from which slow inactivation is more difficult. For example, A or C may cause a small shift in the position of the side chain, thus preventing molecular interactions necessary to trigger the slow inactivated conformation. In regard to relative size of the amino acid substitutions at V930, A and C, which are smaller than V, do not enhance slow inactivation, whereas K and Q, which are larger than V, do show enhancement, demonstrating that larger, more hydrophilic residues at this position enhance slow inactivation. We do not believe that D2-S6 helix disruption explains our results because, although cysteine might be expected to destabilize the ␣-helix relative to the native valine, lysine (at any of the positions studied), glutamine, or alanine would not (8) . Collectively, these results suggest that molecular rearrangement involving V930 is critical for slow inactivation and involves movement of residues within microenvironments that have hydrophobicity and/or size constraints for normal function.
As mentioned previously, wild-type hNa v 1.5 is relatively resistant to slow inactivation compared with wild-type rNa v 1.4. The enhanced slow inactivation phenotype seen in the V930K mutant of hNa v 1.5 is similar to the enhancement seen with the homologous lysine substitution in V787K of rNa v 1.4 (30) . This suggests that different Na v isoforms share some molecular components (and mechanisms) of slow inactivation despite different overall slow inactivation phenotypes. However, enhancement of slow inactivation in hNa v 1.5-V930K appears to be greater than that in rNa v 1.4-V787K (compare 185-fold acceleration in major component of development, 35% increase in slow-inactivated current, and hyperpolarizing shift in V 1 ⁄2 of Ϫ88 mV in hNa v 1.5-V930K vs. 90-fold acceleration in major component of development, 10% increase in slowinactivated current, and hyperpolarizing shift in V 1 ⁄2 of Ϫ53 mV in rNa v 1.4-V787K; Ref. 30) . It is possible that lysine (and glutamine) substitutions at this position have comparable positive effect(s) on slow inactivation in both isoforms but that the greater effect seen in hNa v 1.5-V930K derives from structural differences between the channels. rNa v 1.4 appears to normally favor conformational changes involving D2-S6 during slow inactivation. This is supported by data from previous studies demonstrating that molecular movement at V787/930 in D2-S6 during Na v slow inactivation (as monitored by MTS modification) occurs more readily in rNa v 1.4 (30) than in hNa v 1.5 (28) . Thus rNa v 1.4 might be expected to show less enhancement with these substitutions than hNa v 1.5.
The enhanced effect in hNa v 1.5 may also relate to structures and/or mechanisms in the heart Na v channel that have evolved to limit slow inactivation in heart muscle. Indeed, enhanced slow inactivation of Na v s during prolonged cardiac action potentials would probably be lethal, or at least selected against. It is possible that areas within hNa v 1.5 negatively regulate slow inactivation, and disruption of this regulation by the V930K (or Q) mutation disinhibits the inherent suppression. This would confer an additional enhancement of slow inactivation with these mutations in hNa v 1.5 that is not seen in rNa v 1.4. Candidate areas for structural differences in Na v s that vary between isoforms and may contribute to isoform-specific differences in response to mutations in D2-S6 include P-loops, other S6 segments, and possibly intracellular loops between domains (e.g., D1-D2 or D2-D3).
Interaction between different regions of Na v s during slow inactivation was proposed in a recent study by Wang et al. (55) . In their study, lysine or tryptophan (W) substitution at S1759 in D4-S6 of hNa v 1.5, the putative "gating hinge" in this domain (59) , produced an enhancement of slow inactivation at negative potentials (55) . The authors proposed that slow inactivation enhancement in S1759K and S1759W may involve interaction of this gating-hinge residue with the DEKA locus of the selectivity filter in the P-loop. In our study, the V930 residue in D2-S6 is four amino acids below (toward the intracellular side of the channel) the glycine gating hinge in D2 (G926), so we believe it is unlikely that V930 interacts directly with the P-loop during slow inactivation gating. However, we cannot rule out interactions (direct or indirect) with other regions of the channel that would influence local gating mechanisms near the V930 site. Interestingly, the N927K mutant studied presently, which has lysine substituted adjacent to the G926 gatinghinge residue, showed no change in slow inactivation phenotype compared with wild type. It may be that S6 segments in different domains play different roles in slow inactivation or that other sites in S6, in addition to the gating hinge, contribute to slow inactivation gating.
In conclusion, we have shown that substitution of lysine or glutamine at V930 in D2-S6 of hNa v 1.5 dramatically reverses the relative resistance to slow inactivation normally seen in cardiac Na ϩ channels. The effects on slow inactivation of substitutions in this study can be explained by differences in amino acid hydrophobicity and/or size that influence requisite molecular movements. Although Na v slow inactivation is a complex process likely involving several regions of the protein, we suggest that molecular movement in D2-S6 at or near V930 is a critical component of slow inactivation that is shared between isoforms, but isoforms can differ in their ability to undergo conformational changes in this region, partially explaining isoform-specific slow inactivation phenotypes.
